Cosmic ray protons interacting with gas at the mean density of the interstellar medium in starburst galaxies lose energy rapidly via inelastic collisions with ambient nuclei. The resulting pions produce secondary electrons and positrons, high-energy neutrinos, and γ-ray photons. We estimate the cumulative γ-ray emission from starburst galaxies and find a specific intensity at GeV energies of νI ν ≈ 3 × 10 −7 GeV cm −2 s −1 sr −1 . Starbursts may thus account for a significant fraction of the extra-galactic γ-ray background. We show that the FIR-radio correlation provides a strong constraint on the γ-ray emission from starburst galaxies because pions decay into both γ-rays and radio-emitting electron/positron pairs. We identify several nearby systems where the potential for observing γ-ray emission is the most favorable (M82, NGC 253, & IC 342), predict their fluxes, and predict a linear FIR-γ-ray correlation for the densest starbursts. If established, the FIR-γ-ray correlation would provide strong evidence for the "calorimeter" theory of the FIR-radio correlation and would imply that cosmic rays in starburst galaxies interact with gas at approximately the mean density of the interstellar medium (ISM), thereby providing an important constraint on the physics of the ISM in starbursts.
1. INTRODUCTION The magnitude of the extra-galactic γ-ray background is uncertain, primarily due to the presence of foreground contaminants (compare Keshet et al. 2004 , Strong et al. 2004 , Sreekumar et al. 1998 . GLAST 5 will have an order of magnitude better sensitivity at GeV energies than previous experiments and should provide important constraints on the unresolved extra-galactic γ-ray emission. A number of potential contributors to the GeV γ-ray background have been discussed in the literature including blazars (Stecker & Salamon 1996) , galaxy clusters and groups (Colafrancesco & Blasi 1998; Dar & Shaviv 1995) , intergalactic shocks and structure formation (Loeb & Waxman 2000; Miniati 2002) , and dark matter annihilation (e.g., Ullio et al. 2002; Elsässer & Mannheim 2005) . In this paper we calculate the contribution of starburst galaxies to the GeV γ-ray background. In particular, we assess the possibility that starbursts are cosmic ray proton calorimeters: the dense ISM of these systems acts as a beam dump for the total energy injected by supernovae into cosmic ray protons, with a portion of the proton energy emerging as γ-rays and high-energy neutrinos.
In §2 we review Völk's (1989) electron calorimeter model for the observed FIR-radio correlation (see Thompson et al. 2006, hereafter T06) . We then argue that starbursts may also be proton calorimeters. In §3, we predict the γ-ray flux from starburst galaxies and highlight which nearby systems are most likely to have detectable γ-ray fluxes. We argue that the observed FIR-radio correlation provides important constraints on the γ-ray emission from starbursts because pions from inelastic proton-proton collisions produce both γ-rays and secondary electrons and positrons, which then produce radio synchrotron. Section 4 then discusses the cumulative starburst contribution to the extra-galactic γ-ray background. Estimates similar to those presented here for the high-energy neutrino background from starbursts have recently been made by Loeb & Waxman (2006) .
Although the γ-ray flux from starbursts has been estimated by several authors (e.g., Torres 2004 , Cillis et al. 2005 , and Blom et al. 1999 , this paper presents the first estimates of the expected extragalactic background, defines the requisite conditions for proton calorimetry, and explicitly connects the γ-ray predictions with constraints from the FIR-radio correlation.
STARBURST GALAXIES AS COSMIC RAY CALORIMETERS
Observations of both normal star-forming and starburst galaxies reveal a linear correlation between their radio (primarily synchrotron) and FIR luminosities (van der Kruit 1971 (van der Kruit , 1973 Helou et al. 1985; Condon 1992; Yun et al. 2001) . Völk (1989) argued that the FIR-radio correlation arises because the synchrotron cooling time for relativistic electrons generated in supernova shocks is significantly shorter than their escape time from the galactic disk (the "calorimeter theory"). In this limit, the cosmic ray electrons radiate nearly all of the energy supplied to them by supernovae. The calorimeter theory is a particularly compelling explanation for the FIR-radio correlation in starburst galaxies, where the synchrotron and inverse Compton (IC) cooling times of cosmic ray electrons are much shorter than in normal star-forming galaxies (T06).
A priori, one of the strongest objections to the calorimeter theory is that the radio spectra of galaxies are not compatible with the expected steepening due to strong synchrotron cooling (e.g., Condon 1992) : in the presence of strong cooling, models predict F ν ∝ ν −α with α ≈ 1, while observations find α ≈ 0.75, even in starbursts (e.g., Condon et al. 1991; Condon 1992; Niklas et al. 1997) . T06 argue that if cosmic ray electrons interact with gas at approximately the mean density of the ISM, ionization and relativistic bremsstrahlung losses will systematically flatten the nonthermal spectra of starburst galaxies and simultaneously maintain the linearity of the FIRradio correlation. This strongly supports Völk's calorimeter model for the FIR-radio correlation. In the model of T06, the conclusion that cosmic rays interact with gas at roughly the mean density of the ISM is required to account for the radio spectra of starbursts in the presence of strong synchrotron cooling. This requirement has an important consequence for cosmic ray protons, accelerated together with electrons in supernova remnants.
If cosmic ray protons interact with gas at the mean density of the ISM in starbursts, then they lose energy rapidly via inelastic proton-proton collisions with ambient nuclei. This interaction generates both charged and neutral pions, which subsequently produce secondary electrons and positrons, high energy neutrinos, and photons, respectively. For protons of GeV energy, the total inelastic proton-proton cross section is ≈ 30 mb (with inelasticity ∼0.5; e.g., Gaisser 1990 ) so that the cosmic ray proton energy-loss timescale is
where n is the number density in units of cm −3 . The energyloss timescale decreases by less than a factor of two over six orders of magnitude in proton energy.
If the pion production timescale within a galaxy is shorter than the escape timescale of relativistic protons, then the protons will lose most of their energy to secondary photons, electron/positron pairs, and neutrinos before escaping the galaxy. The galaxy would then be a cosmic ray proton calorimeter.
The escape timescale for cosmic ray protons is uncertain. Both energy-dependent diffusion and advection in a galactic outflow likely contribute. In the Galaxy, the diffusive escape timescale for 10 GeV protons is inferred to be τ diff ∼ 3 × 10 7 yr near the solar circle (Garcia-Munoz et al. 1977; Connell 1998) . Cosmic ray protons interact with a mean total column density of ∼10 g cm −2 before escaping, and the column decreases at higher energies roughly as E −1/2 (e.g., Engelmann et al. 1990; Webber at al. 2003 ). These observations imply that 10 GeV cosmic rays interact with matter of density n ∼ 0.2 cm −3 , somewhat below the average density of the ISM in the gas disk of the Milky Way. Using equation (1) we infer that 10 GeV protons lose roughly 10% of their energy to pion production before escaping. Assuming that diffusive losses proceed similarly in other star-forming galaxies, these results imply that there is a critical gas surface density Σ crit above which protons will lose most of their energy to pion production. Taking the Milky Way's surface density to be Σ MW⊙ ≈ 2.5 × 10 −3 g cm −2 at the solar circle (e.g., Boulares & Cox 1990) we estimate that
For starburst galaxies, the assumption that diffusion dominates the escape of cosmic rays likely overestimates the escape timescale. In these systems escape is almost certainly dominated by advection out of the gas mid-plane in a starburst-driven wind (as, e.g., in M82; see Klein et al. 1988 , Seaquist & Odegard 1991 ). An estimate for the escape timescale is then
where h 100 = h/100 pc is the gas scale height and V 300 = V /300 km s −1 is a typical wind velocity (e.g., Martin 1999). The condition τ pp τ wind is then the criterion for cosmic ray protons to lose a significant fraction of their energy to pion production. This criterion may also be written in terms of a critical gas surface density;
Although uncertain, equations (2) and (4) imply that galaxies with Σ g 0.03 − 0.3 g cm −2 are likely to be proton calorimeters. A number of local starburst galaxies satisfy this criterion (see Table 1 ).
γ-RAY EMISSION & THE FIR-γ-RAY CORRELATION
To estimate the γ-ray emission associated with pion production in starbursts, we assume that the star formation rate (Ṁ ⋆ ) is related to the total IR luminosity (L TIR [8 − 1000]µm; see, e.g., Calzetti et al. 2000 , Dale et al. 2001 ) by L TIR = ǫṀ ⋆ c 2 (ǫ is an IMF-dependent constant), that the supernova rate per unit star formation, Γ SN , is a constant fraction ofṀ ⋆ , and that 5η 0.05 % of the energy of each supernova (E 51 = E SN /10 51 ergs) is supplied to relativistic protons. With these assumptions, the total energy per unit time injected in cosmic ray protons is
where
⊙ ; for continuous star formation over ∼10 8 yrs, this ratio has only a very weak dependence on the assumed IMF, since high mass stars dominate both the total luminosity and the supernova rate. For star-formation timescales of 3 × 10 7 − 10 9 yrs, β increases by only a factor of approximately 1.5, from ≈15 to ≈23 (e.g., Leitherer et al. 1999) . We further assume that starburst galaxies are proton calorimeters (τ pp < τ esc , Σ g > Σ crit ) and -for the purposes of an analytic estimate -that the cosmic ray protons are injected with a spectral index p = 2 (e.g., Blandford & Eichler 1987) . Numerical calculations for different p are shown in Figure 1 . Because the cross-sections for neutraland charged-pion production are similar, ≈ 1/3 of the proton energy goes into neutral pions, which subsequently decay into γ-rays. Thus, under the assumption of proton calorimetry, the expected γ-ray luminosity can then be directly related to L CR p and L TIR (eq. [5]). For energies GeV, we find that
where γ max (= 10 6 ) is the assumed maximum Lorentz factor of the accelerated protons (see Fig. 1 for spectra) and we have dropped the dependence here and below on the ratio
Approximately 2/3 of the energy in cosmic ray protons goes to charged pions, which subsequently decay into high energy neutrinos and electron/positron pairs. The pairs receive ≈ 1/4 of the pion energy (Schlickeiser 2002). Thus ≈ 0.8 η 0.05 % of the energy of each supernova goes into secondary electrons and positrons. Assuming that the synchrotron cooling time of the secondary pairs is less than their escape time (Völk 1989 ; T06), we find a FIR-radio correlation of the form
The observed correlation is νL ν (1.4 GHz) ≈ 1.1 × 10 −6 L TIR . 6 For η = 0.05, equation (7) somewhat over-predicts the observed FIR-radio correlation in starbursts.
However, this prediction neglects ionization, inverse Compton, and bremsstrahlung losses, which may be competetive with synchrotron losses in starbursts and will reduce the magnitude of νL ν (GHz)/L TIR .
7 For example, in the models of T06, which simultaneously explain the linearity of the FIRradio correlation and the radio spectra of starbursts (their Figs. 3 & 4) , bremsstrahlung and ionization losses account for ≈50% of the energy lost by cosmic ray electrons. Note that even if inverse Compton and bremsstrahlung losses completely dominate ionization and synchrotron losses for secondary electrons/positrons, their contribution to the total Xray and γ-ray emission from starbursts is at most 1/2 of the contribution from neutral-pion decay; inverse Compton and bremsstrahlung will, however, dominate the emission below ∼100 MeV.
Equations (6) and (7) highlight the importance of the FIRradio correlation for constraining the γ-ray emission from starbursts. Statistically, the γ-ray emission from galaxies cannot exceed that predicted by equation (6) without violating the radio constraints implied by the FIR-radio correlation. The only way out of this conclusion is if ionization, inverse Compton, and bremsstrahlung losses significantly exceed synchrotron losses for cosmic ray electrons and positrons. Although possible, it would be remarkable if synchrotron losses were highly sub-dominant in starbursts and yet somehow the linearity of the FIR-radio correlation is maintained, both within different starburst galaxies and between starbursts and normal star-forming galaxies. Equation (7) is only consistent with the observed FIR-radio correlation for η ∼ 0.05, i.e., if ∼5% of the supernova energy is supplied to relativistic protons. Although this efficiency of cosmic ray production is reasonably consistent with the energetics of galactic cosmic rays (e.g., Schlickeiser 2002) and with the γ-ray luminosity of the Milky Way (Hunter et al. 1987) , some models of non-linear diffusive shock acceleration imply η ∼ 0.5 (e.g., Ellison & Eichler 1984; Ellison et al. 2004) .
8 If indeed η 0.05, then the FIR-radio correlation implies that either starburst galaxies are not proton calorimeters or that synchrotron losses are highly sub-dominant with respect to ionization, inverse Compton, and bremsstrahlung losses.
Equations (6) and (7) imply that the γ-ray fluxes of the densest starbursts should be linearly proportional to their radio and IR fluxes in the proton calorimeter limit. Table 1 provides a sample of galaxies chosen to have large IR fluxes and gas densities (see also Paglione et al. 1996; Blom et al. 1999; Torres et al. 2004; Torres 2004; DomingoSantamaría & Torres 2005) . For the latter, we have applied a cut Σ g ≥ 0.02 g cm −2 , plausibly in the proton calorimeter limit. The systems in Table 1 are listed in order of decreasing TIR flux density, which correponds to decreasing γ-ray flux in the proton calorimeter limit (eq. [6]). Several systems just miss our cut on Σ g , including the nucleus of NGC 5236, NGC 4631, and NGC 3521, and may also prove to be bright sources in the γ-ray sky. 7 Equation (7) also neglects the contribution to the radio emission from primary electrons accelerated directly in supernova shocks. Typical estimates for the ratio of the total energy injected into protons and primary electrons are ∼20 − 40 (e.g., Beck & Krause 2005) , in which case secondary electrons/positrons likely dominate the radio emission in starbursts (see T06; Rengarajan 2005).
8 However, Völk et al. (2003) argue that standard spherical models of nonlinear shock acceleration over-estimate the efficiency of cosmic ray production by a factor of ∼5.
9 The Seyfert 2 galaxy NGC 1068 with Σg ≈ 0.1 g cm −2 (Helfer et The γ-ray fluxes predicted by equation (6) at 1 GeV are also provided in Table 1 . For comparison, the expected sensitivity of GLAST at 1 GeV for a 1 year integration is ≈ 2 × 10 −10 GeV cm −2 s −1 (see Fig. 1 ). 10 Table 1 shows that there are 3 nearby starbursts above this limit (M82, NGC 253,& IC 342) and approximately 10 other systems with predicted fluxes within a factor of 4 of GLAST's detection limit. We note that NGC 3690 and Arp 220 would be particularly important for testing our predicted FIR-γ-ray correlation over a large dynamic range in L TIR . Figure 1 shows the γ-ray spectrum, as calculated using the formalism of Aharonian & Atoyan (2000) (their §4.1), as a function of energy for the specific cases of NGC 253 (dashed lines) and Arp 220 (dotted lines), for p = 2.0 − 2.4, where p is the slope of the proton injection spectrum. In order to remain consistent with the FIR-radio correlation, models with p = 2 are normalized to the p = 2, η = 0.05 prediction at 1 GeV, because GeV pions produce electron/positron pairs that emit at ∼GHz frequencies in ∼mG magnetic fields. Note that this constraint implies that p and η are not independent in our models: η ≈ 0.025 and ≈ 0.018 for p = 2.2 and p = 2.4, respectively. As Figure 1 emphasizes, NGC 253 (and M82, see Table 1 ) should be readily detected with GLAST. Existing observations by HESS at TeV energies (Aharonian et al. 2005) yield an upper limit of < 1.9 × 10 −12 ph cm −2 s −1 sr −1 (for a point source; E γ > 300 GeV) for NGC 253 that is very close to our prediction for p = 2, suggesting that longer integrations with HESS should be able to detect NGC 253 (see also Domingo-Santamaría & Torres 2005 ).
THE STARBURST γ-RAY BACKGROUND
Using equation (6) to determine the γ-ray flux per unit star formation, one can integrate over the comoving star formation rate densityṁ ⋆ (z) to determine the contribution of starburst galaxies to the γ-ray background. We find a specific intensity at 1 GeV of
where and g(z) is the fraction of star formation at each redshift that occurs in the proton calorimeter limit (i.e., Σ g > Σ crit ; §2). We estimate g(z = 0) ∼ 0.1 from the fraction of the local FIR and radio luminosity density produced by starbursts . At high redshift, however, a much larger fraction of star formation occurs in high surface density systems likely to be proton calorimeters. For example, the typical surface density for UV selected galaxies, which account for a substantial fraction of the star formation at high redshift, is roughly Σ g ∼ 0.06 M 10.5 R −2 6 kpc g cm −2 , where M 10.5 is the inferred average gas mass in units of 10 10.5 M ⊙ and R 6 kpc = R/6 kpc is the half-light radius (Erb et al. 2006ab ). This surface density is comparable to Σ crit estimated in §2. If we take g(z 1) ∼ 1 andṁ ⋆ (z) as in, e.g., Porciani & Madau (2001) , we find that ζ 3 ≈ 1 (eq. [8]), with most of the contribution to the γ-ray background coming from z ∼ 1 − 2, so that ζ ∝ g(z ≈ 1 − 2). al. 2003) would be fourth in Table 1 with νFν (GeV) ≈ 11.8 f × 10 −11 GeV cm −2 s −1 where f is the fraction of the infrared emission due to the nuclear starburst rather than the AGN. 10 See http://people.roma2.infn.it/∼glast/ for a comparison of γ-ray telescope sensitivities. Table  1 . For both the γ-ray background and the individual starbursts, the p = 2 curves are normalized such that the total integrated γ-ray luminosity is 1.5 × 10 −4 η 0.05 times the total integrated stellar luminosity (eq. [6]). Because of the constraints on the radio emission from starbursts, all p = 2 curves are normalized to the corresponding p = 2 calculation at 1 GeV, which implies that in our models, p and η are not independent (see discussion in §2).
5. DISCUSSION Figure 1 shows the numerically calculated γ-ray background as a function of energy (solid lines), for p = 2.0 − 2.4 (see caption for details). The inferred background from EGRET is also shown (Strong et al. 2004 ). Our results indicate that γ-ray production from pion decay in starbursts contributes significantly to the observed background above 100 MeV. The considerable uncertainties in the γ-ray background determination, primarily because of foreground subtraction (see Keshet et al. 2004) , complicate a more direct comparison. An important point of this paper is that the absolute starburst γ-ray flux -both that from individual galaxies and that of the background -cannot exceed that predicted in Figure 1 and Table 1 without over-producing the radio emission from secondary electrons and positrons produced in charged pion decay (see §3, eq. [7] ). This conclusion is independent of whether starbursts are in fact proton calorimeters (as we have assumed), and can only be circumvented if ionization, inverse Compton, and bremsstrahlung losses significantly exceed synchrotron losses for cosmic ray electrons and positrons in starbursts; such a determination would put strong constraints on the origin of the FIR-radio correlation (T06; §3).
The primary physical uncertainty in our estimate of the γ-ray fluxes from starbursts lies in whether cosmic rays do in fact interact with gas at approximately the mean density of the ISM. In particular, given that galactic winds efficiently remove mass and metals from galaxies (e.g., Heckman et al. 1990) , it is unclear whether the cosmic rays actually interact with the bulk of the ISM, which is required for pion production to be significant ( §2). Detection of γ-rays from starbursts at the level predicted in this paper would thus provide an important constraint on the physics of the ISM in starbursts and on the coupling between supernovae and the dense ISM, which contains most of the mass. In addition, the ionization and bremsstrahlung energy-loss timescales for electrons/positrons are similar to the proton pion production timescale. Thus, constraints on pion production in starbursts via γ-ray observations directly constrain the importance of ionization and bremsstrahlung losses for shaping the radio emission from starburst galaxies (T06). By contrast, detection of (or upper limits on) the γ-ray emission from starbursts well below our predictions would rule out the hypothesis that starbursts are proton calorimeters, although they would, in our opinion, still be electron calorimeters. The alternative possibility suggested by equation (6), that η ≪ 0.05, is unlikely, given the energetics of Galactic cosmic ray production (e.g., Strong et al. 2004) .
We note that the total background in starlight (g(z) = 1)) from the model of the star formation history of the universe used to produce the γ-ray background in Figure 1 is F tot TIR ≈ 5.2 × 10 −5 ergs cm −2 s −1 sr −1 , or ≈ 52 nW m −2 sr −1 , with approximately 85% coming from starburst galaxies. Equation (7) and, indeed, the existence of the FIR-radio correlation, implies that the expected radio background from all galaxies in this model is νI ν (radio) ≈ 2 × 10 −9 η 0.05 ζ 3 /[2 ln(γ max )] ≈ 10 −10 ergs cm −2 s −1 sr −1 for a flat spectrum. A factor of two reduction in νI ν (radio) has been included in this estimate as per the discussion after equation (7).
In addition to producing secondary electron/positron pairs and γ-rays, pion production is also a significant source of high-energy neutrinos, with ≈ 5% of the proton cosmic ray energy going into neutrinos. Two-thirds of this energy goes to muon-type neutrinos. Therefore, for starburst galaxies that are proton calorimeters, we expect a FIR-neutrino correlation of the form νL ν (µ − neutrinos) = (2/3)νL ν (all neutrinos) ≈ 1.4 × 10 −4 η 0.05 L TIR / ln(γ max ) ≈ 10 −5 η 0.05 L TIR , identical to the γ-ray luminosity (eq. [6] ). The corresponding cumulative extra-galactic µ-neutrino background at GeV energies is then the same as given in equation (8).
Using a very similar estimate, Loeb & Waxman (2006) have recently argued that starbursts are likely to be an important contributor to the high-energy neutrino background. Because the ratio of the γ-ray to neutrino luminosity from pion decay depends only on the micro-physics of pion production, the γ-ray fluxes from starbursts predicted in this paper will provide a crucial calibration of the expected flux of extra-galactic high energy neutrinos. Note that the numerical value for the neutrino background predicted here is roughly three times higher than the estimate of Loeb & Waxman (2006) because they normalized their neutrino flux to the FIR-radio correlation, assuming that all of the secondary electron/positron energy was lost to synchrotron. Here, because we include the contribution to electron/positron losses from ionization, bremsstrahlung, and inverse Compton, we find a higher flux. E.Q. is supported in part by NASA grant ATP05-54, an Alfred P. Sloan Fellowship, and the David and Lucile Packard Foundation. E.W. thanks the Institute for Advanced Study and is supported in part by ISF and AEC grants. 
